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We describe a new method used in the CERN SPS accelerator to measure the longitudinal
impedance in the frequency range 100 MHz to 4 GHz. Single high intensity proton bunches were
injected and their spectrum observed during slow debunching. The presence of dierent resonant
impedances leads to line density modulation at the resonant frequencies. This instability reaches
some maximum modulation amplitude which was recorded as a function of frequency for many
bunches. Using suciently long bunches the SPS impedance structure was observed and previously
unknown sources were identied.
Beam intensity in particle accelerators is usually lim-
ited by collective instabilities which are the result of elec-
tromagnetic interaction of the beam with its environ-
ment. This interaction can be described by the coupling
impedance Z(!), the Fourier transform of the wake po-
tential, which is the electrical eld integrated over one
turn as seen by a probe particle following a source par-
ticle at time t. Knowledge of the machine impedance
allows the behaviour of intense beams to be explained
or predicted [1]. During the last twenty years progress
has been made in developing powerful numerical codes
and laboratory techniques to estimate the impedance of
individual elements in an accelerator. However it is still
dicult to predict the total impedance of a machine very
accurately and therefore measurements with the beam
play an important role [2].
Many vacuum chamber elements are cavity like objects
whose impedance can be represented as the sum of several















and quality factor Q.
Measurements of impedance with a bunched beam can
give information only about the eective impedance - the
actual impedance integrated over the spectrum of the
bunch. If measurements are done with a stable bunch
then the eective impedance is dened by integration
over the initial bunch spectrum centered at zero fre-
quency. This eective impedance can be estimated from
bunch lengthening (shortening) measurements based on
the potential well distortion eect. Since the width of the
bunch spectrum is inversely proportional to the bunch
length, long bunches \see" only the low frequency part
of the coupling impedance. Diculties in resolving the
\ne structure" of the machine impedance led to the cre-
ation of the widely used broad band impedance model,
which replaces this structure by one resonator with very
low Q (usually 1) and resonant frequency dened by the
beam pipe cuto frequency.
The situation is dierent if the bunch is unstable.
The growth rate of mode m depends on the eective
impedance which is now dened by integration over the
bunch power spectrum for mode m with a nonzero center
frequency. In this way the growth rate of the head-tail
instability was used to estimate the eective transverse
impedance [3].
Our method is based on the measurement of the spec-
trum of unstable modes. Interaction of the intense bunch
with dierent resonant impedances in the machine leads
to instability resulting in bunch line density modulation
at the resonant frequencies. The instability growth satu-
rates at some maximummodulation amplitude which was
recorded during the measurements. The mode spectrum
has a center frequency close to the resonant frequency
of the impedance and width given both by bunch length
and impedance width (Q). In this case long bunches al-
low better resolution of resonant peaks. Below we present
results for longitudinal impedance.
For bunches above the threshold intensity, instability
starts in the hydrodynamic regime, when the bunch can
be treated as monoenergetic. Later with the increase in
energy spread the instability moves to the kinetic regime
and nally saturates. We used numerical simulation to
model the nonlinear stage of this process. Nonlinear sat-
uration of the coasting beam instability was analysed
in [4], also involving numerical calculations.
To describe the initial phase of the instability, lin-
ear theory can be applied. In our experiment bunches
were injected into the accelerator with no external radio-
frequency voltage (RF o) and started to debunch. If
we assume that debunching is so slow that the longitudi-
nal particle coordinate can be considered \frozen", then
the distribution function in longitudinal phase space can
be divided into an unperturbed, time independent, part
F (u; ) and a perturbed part f(u; ; t). Here  is the
azimuthal angular coordinate around the machine and
u = E the energy deviation relative to the reference








































factor at transition energy. The right side of Eq. (3) is






) and on the












f(u; ) exp( in)ddu: (4)
The growth rate of the instability is dened by the imag-
inary part of the coherent oscillation frequency 
.
Using the linearised Vlasov equation leads to the same
matrix equation as in the analysis of a fast microwave
instability when, in a system with RF on, the synchrotron
motion can in fact be neglected [5]. For a monoenergetic

































  1, where  is the
bunch length in time. In this case we can ignore in the
stability analysis the voltage induced due to the unper-
turbed bunch spectrum. If the impedance bandwidth
!
r
=(2Q) is much less than the bunch spectrum width
/ 1= , so that 1 !
r
  2Q, then the bunch spectrum






. In this approximation the
growth rate does not depend on the harmonic number
and can be obtained by summation over m in Eq. (5).





















where N is the number of particles in the bunch. This
growth rate is dened by the resistive part of the
impedance. The contribution coming from the imaginary
part is (!
r






assumption of slow debunching is justied.
The bunch spectrum of the unstable mode is

n
















). Here the standard deviation  ' !
0
=4.
As one can see from Eq. (6) in principle it should be
possible to dene R
sh
=Q by measuring the growth rate of
the bunch spectrum for the unstable mode. However due
to the complicated structure of the signal in time, the
growth rate is ill-dened in comparison to the maximum
value of the mode amplitude (see example in Fig.1).
FIG. 1. Bunch spectrum component at 1.3 GHz as a func-
tion of time, 10 ms/div, for a bunch with  = 4 ns and
N = 3:5 10
9
.
In our measurements the spectral distribution of max-
imum amplitudes was recorded for dierent sets of bunch
parameters. In Fig. 2 we present some data obtained with
relatively short (upper curve) and long bunches (lower
curves). As expected measurements with short bunches
result in an amplitude spectrum of relatively low resolu-
tion compared to the data with long bunches. Neverthe-
less both spectra show the same main features.
FIG. 2. Spectral distribution measured with short (upper
curve) and long (lower curves) bunches.
The SPS has radius R = 1100 m and 
t
= 23:4. The
beam energy was 26 GeV. Short bunches had longitudinal
emittance " = 0:03 eVs, length  = 4 ns and average
intensity N = 3:510
9
. Long bunches hadN = 1:210
10
with " = 0:35 eVs,  = 28 ns (dashed line) and " =
0:24 eVs,  = 25 ns (solid line).
We scanned the frequency from 100 MHz to 2 GHz
with an average step of 50 MHz. A spectrum analyser
with bandwidth 3 MHz was used as a receiver to moni-
tor selected frequency components of the beam current,
observed from a wall current pickup [6], as a function of
time. At each frequency point the maximum amplitude
of the detected signal within the rst 100 ms after in-
jection was recorded. The data was taken for at least





the increase in length
during the observation time did not exceed 50%.
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(a) Mountain range in time domain
















(b) Mountain range in frequency domain
































(c) Projection of frequency spectrum
FIG. 3. Fourier analysis of longitudinal bunch proles
We also Fourier analysed the longitudinal bunch pro-
les, acquired over many revolution periods, to study the
azimuthal harmonics of the line density as they develop
with time. The results of this analysis for the bunch
shown in Fig. 3(a), (note the slow debunching), is pre-
sented in Fig. 3(b). In Fig. 3(c) the projection of the
Fourier spectra of all bunch proles is shown. Using in
this way the data from many bunches should give the
same results as above but with even better resolution. In
this particular example we already see a rich mode struc-
ture. At the moment we are restricted by the hardware
to frequencies below 2 GHz but in the future this type of
analysis can become the main technique.
We used the code ESME [7] to reproduce the mea-
surement results by numerical simulations, applying the
same method of analysis as with the experimental data.





=(2) = 1:6 GHz in the SPS are shown in Fig. 4. The
resistive part of the impedance when Q = 100 is shown
as a dashed line. From these examples we can see that
the mode amplitudes peak at a slightly higher frequency
than f
r
. Numerical simulations showed that this shift in-
creases with intensity and the width of the peak depends
upon both bunch length  and the Q of the resonator.
FIG. 4. Spectral distribution obtained from simulations for
resonance impedance with dierent parameters.
The peak amplitude grows in a nonlinear way with in-
creasing R
sh
=Q and bunch intensity. With increasing
intensity the amplitude of the bunch spectrum at the sec-
ond harmonic also grows, reaching half the amplitude ob-
tained at the resonant frequency. Therefore care should
be taken when interpreting the experimental data.
If we assume that instabilities developing at dier-
ent frequencies don't aect each other, the unknown
impedance value can be calibrated from numerical sim-
ulation by comparison with a known one. A resonant
impedance with the same values of R
sh
and Q `placed" in
simulations at dierent frequencies (from 400 MHz till 2
GHz) gives a maximum amplitude that slightly increases
with decreasing resonant frequency. At lower frequencies
the amplitude increases more rapidly, probably due to
the inuence of the initial bunch spectrum.
Actually an instability developing due to one
impedance modies the distribution function so that the
growth of an instability at other frequencies can be af-
fected. Nevertheless it seems that in our measurements
the spread in initial bunch parameters was sucient to
ensure that in data taken with many bunches the domi-
nant impedances always manifested themselves.
In Figs. 5, 7 we present results obtained using the same
techniques as for Fig. 2 but with a smaller frequency step.
The peaks observed were identied with dierent sources
of impedance in the accelerator whose resistive parts are
shown in Figs. 6, 8.
In the frequency range from 100 MHz to 1.2 GHz they
come from the fundamental and higher order modes of
the 6 dierent RF systems installed in the SPS. Most
of these impedances are damped to low Q values (100 -
1000), so that they do not cause coupled bunch mode in-
stabilities. Note that in Fig. 6 impedance corresponding
to the large peak at 400 MHz in Fig. 5 is missing. The
source was found after the measurements, and can be
attributed to the extraction kickers [8]. Laboratory mea-
surements done on a spare as well as calculations with
the code ABCI [9], show the cluster of resonances situ-
ated at 400 MHz, explaining well the complex structure
seen in measurements with the beam in Fig. 5.
3
FIG. 5. Measured spectral distribution below 1.8 GHz.
FIG. 6. Resistive part of resonant impedances in the SPS
below 1.8 GHz.
The main sources of impedance from 1.4 GHz up to
4 GHz are the vacuum ports. In the ring there are about
800 devices of similar type and 100 which are shorter or
longer. In Fig. 8 the Fourier transform of the wakeeld
calculated for the main type of vacuum port with the
code ABCI is presented. Every peak found by the nu-
merical code can also be seen in measurements with the
beam. Due to the small vertical dimensions of the con-
necting beam pipes, modes with frequencies up to 4 GHz
are still trapped in these accidental cavities [10]. The
vacuum ports are passively damped by ceramic resistors,
but still seem to be the main cause of the microwave
instability of intense single bunches in the SPS.
The results obtained for the SPS allow the existing
broad band impedance model of the SPS (Q = 1, f
r
=
1:3 GHz and R
sh
' 0:5 M
), to be replaced by a more
realistic model utilising the dominant impedances found.
The results indicate where changes must be made in the
hardware to reduce the impedance, of great importance
in preparing the SPS as LHC injector.
We also found that the transverse impedance can be
estimated in the same way by varying the chromaticity.
In conclusion, we believe that the techniques described
here can be used in other accelerators to observe the de-
tailed structure of the machine impedance.
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FIG. 8. Calculated resistive part of vacuum port
impedance.
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